Herpes simplex virus-1 (HSV-1) oncolytic therapy and gene therapy are promising treatment modalities against cancer. NV1066, one such HSV-1 virus, carries a marker gene for enhanced green fluorescent protein (EGFP). The purpose of this study was to determine whether NV1066 is cytotoxic to lung cancer and whether EGFP is a detectable marker of viral infection in vitro and in vivo. We further investigated whether EGFP expression in infected cells can be used to localize the virus and to identify small metastatic tumor foci (o1 mm) in vivo by means of minimally invasive endoscopic systems equipped with fluorescent filters. In A549 human lung cancer cells, in vitro viral replication was determined by plaque assay, cell kill by LDH release assay, and EGFP expression by flow cytometry. In vivo, A549 cells were injected into the pleural cavity of athymic mice. Mice were treated with intrapleural injection of NV1066 or saline and examined for EGFP expression in tumor deposits using a stereomicroscope or a fluorescent thoracoscopic system. NV1066 replicated in, expressed EGFP in infected cells and killed tumor cells in vitro. In vivo, treatment with intrapleural NV1066 decreased pleural disease burden, as measured by chest wall nodule counts and organ weights. EGFP was easily visualized in tumor deposits, including microscopic foci, by fluorescent thoracoscopy. NV1066 has significant oncolytic activity against a human NSCLC cell line and is effective in limiting the progression of metastatic disease in an in vivo orthotopic model. By incorporating fluorescent filters into endoscopic systems, a minimally invasive means for diagnosing small metastatic pleural deposits and localization of viral therapy for thoracic malignancies may be developed using the EGFP marker gene inserted in oncolytic herpes simplex viruses.
Introduction
Lung cancer is the leading cause of cancer deaths in the United States.
1 In all, 86% of patients diagnosed with lung cancer die within 5 years. 2 Herpes simplex virus-mediated oncolysis and gene therapy have emerged as promising treatment modalities against cancer. [3] [4] [5] [6] [7] [8] [9] [10] Oncolysis results from the replicative life cycle of the virus, which lyses infected cells for release of viral progeny. Given the specificity of herpes viral replication for tumor cells, we sought to determine whether NV1066, a Herpes simplex virus (HSV-1) mutant virus, is cytotoxic to a human nonsmall-cell lung cancer (NSCLC) cell line, both in vitro and in vivo, in a murine xenograft pleural tumor model. Furthermore, even patients diagnosed as early-stage lung cancer by conventional pathologic criteria have been found to have a significant incidence of metastatic disease, both in the pleural cavity and in the lymph nodes. 11 Such foci of disease are extremely difficult to diagnose preoperatively. Metastatic disease in the pleural cavity may indicate a more aggressive tumor biology and a higher risk of recurrence, [12] [13] [14] [15] [16] which could contribute to the decreased survival often seen in these patients. As such, new techniques are needed to both diagnose and treat metastatic pleural spread of NSCLC. Viral-based gene therapy makes use of the ability of herpes viral mutants to selectively replicate within tumor cells, for targeted transgene expression. 3 NV1066 used in this study is genetically engineered to express enhanced green fluorescent protein (EGFP) in the infected cells. 17 Previous studies from our laboratory have shown that NV1066-induced EGFP expression can be used as a marker of viral infection, and thus to identify cancer. 9, 18 In this study, we further seek to determine whether NV1066-induced EGFP expression can be used to diagnose small metastatic deposits of pleural cancer invisible to the naked eye in an in vivo pleural model and the sensitivity of such detection method.
Targeted therapy by oncolytic viruses differs from conventional chemotherapeutic agents in that a very low dose of virus can be administered to initially infect only a small proportion of cancer cells. These viruses subsequently replicate and propagate upon lyses of the infected cell to infect neighboring cancer cells. While techniques for assessing viral infection and spread in cell culture or animal models are readily available, safe, minimally invasive methods for detecting regional distribution and activity in man are needed to facilitate clinical use of these viruses. Current methods necessitate tissue biopsies to determine viral presence in specimens using histological or PCR-based techniques. 5, 6, 8 In this study, we investigated the reliability of NV1066-induced EGFP expression as a marker of viral infection and spread both in vitro and in vivo, and whether viral therapy could be followed by a minimally invasive technique. Fluorescent proteins such as EGFP are well suited as markers for viral therapy. EGFP is a stable protein that does not require additional substrates or co-factors for its expression. 19 While EGFP and its derivative proteins have been extensively used as reporters and/or markers in numerous biological studies, their use as a tumor-specific localization marker and as a marker of oncolytic viral therapy as reported in this study is an emerging technology. 9, 18 While the studies are conducted in mice, it is envisioned that such optical imaging for human application is cost-effective, rapid, easy to use, and can be readily applied in vivo by incorporating fluorescent filters in endoscopic systems.
Materials and methods

Cells and virus
A549 human NSCLC purchased from the ATCC (Rockville, MD) were used for experiments. Cells were grown in Ham's F-12 media with 10% FCS, 100 U/ml penicillin, and 100 mg/ml streptomycin. NV1066 is a replicationcompetent, attenuated herpes simplex-1 mutant virus described in detail previously. 17 A sequence containing the gene for EGFP under the control of a constitutive cytomegalovirus (CMV) promoter was inserted into the internal repeat sequence of the parent virus. This resulted in loss of single copies of the viral genes, ICP-4, ICP-0, and g 1 34.5. These deletions increase the tumor specificity of viral replication and also serve to attenuate the potential neurovirulence of the parent strain. Viral stocks were propagated on Vero cells, harvested by freeze-thaw lysis and sonication, and titered by standard plaque assay.
Cytotoxicity assay and viral tittering A549 cells were plated in 12-well flat-bottom plates (Costar, Corning Inc., Corning, NY) in 1 ml of media and subsequently infected with NV1066 at multiplicities of infection (MOI: number of viral plaque-forming units (pfu) per tumor cell) of 0.1 or 1.0, in a total volume of 50 ml of saline. Every other day after infection, media was removed; cells were washed with PBS, and lysed (1.35% Triton-X solution) to release intracellular lactate dehydrogenase (LDH). LDH was quantified using a Cytotox 96 nonradioactive cytotoxicity assay (Promega, Madison, WI) that measures the conversion of a tetrazolium salt into a red formazan product. The amount of color formed is directly proportional to the number of lysed cells. Absorbance was measured at 450 nm using a microplate reader (EL 312e: Bio-Tek Instruments, Winooski, VT). Results are expressed as surviving fraction, based on the measured absorbance of treated cellular lysates, compared to that of untreated, control cellular lysates. All samples were tested in triplicate. Experiments were repeated at least twice to ensure reproducibility. To determine release of viral progeny from cells, media was collected on days 3-8 after infection from sample wells infected with NV1066 at MOIs of 0.1 and 1.0, prepared as in the cytotoxicity assay. Serial dilutions were made of the suspension and used to infect confluent Vero cells in a standard viral plaque assay. Plaques are fixed in agar, grown for 48 h, and counted after staining with a neutral red solution.
Flow cytometry for EGFP A549 cells were plated in six-well plates with 2 ml of media and subsequently infected with NV1066 at MOIs of 0.1 or 1.0 in 100 ml of PBS. Untreated cells served as negative controls. Cells were harvested with 0.25% trypsin in 0.02% EDTA, combined with the supernatant fraction, centrifuged, washed in PBS, and brought up in 100 ml of PBS. In all, 5 ml of 7-amino-actinomycin (7-AAD, BD Pharmingen, San Diego, CA) was added as an exclusion dye for cell viability. Data for EGFP expression from 10 
Animal experiments
Animal procedures were approved by the Memorial Sloan-Kettering Institutional Animal Care and Use Committee (New York, NY). Male athymic mice (National Cancer Institute, Bethesda, MD), 6-week old, used for experiments were provided food and water ad libitum. Prior to experiments, anesthesia was induced by means of a single intraperitoneal injection of a ketamine/ xylazine mixture in sterile water.
EGFP expression over time. To establish flank tumors, 2 Â 10 6 A549 cells were harvested and resuspended (50% PBS, 50% Matrigel, BD Biosciences, Bedford, MA) in a total of 50 ml. Mice were anesthetized by intraperitoneal injection of ketamine and xylazine in sterile water. The cell suspension was injected into the flanks of mice using a 28-gauge needle. Tumors were measured in two dimensions with a vernier calipers and volume determined using the formula for a prolate spheroid, 4/3(p)ab 2 , with 'a' as the radius of the long axis and 'b' the radius of the short axis in millimeters. Tumors were followed by weekly volume determination until they had reached an average volume of 100 mm 3 . To determine EGFP expression following viral treatment, 1 Â 10 6 pfu of NV1066 (in 25 ml of PBS) was administered by direct intratumoral injection. Tumors were harvested at 24-, 48-, and 96-h time points and homogenized in 4 ml/g tissue of Passive Lysis Buffer (Promega, Madison, WI). Samples underwent three cycles of freeze-thaw lysis, followed by centrifugation at 14 000 rpm for 15 min. Fluorescent activity was assessed by fluorimetry using 100 ml of supernatant from each sample, with excitation and emission parameters as described for the in vitro studies. Results are reported as RFU/mg total protein.
Metastatic pleural carcinomatosis. 1 Â 10 6 A549 cells were injected percutaneously into the pleural cavity of athymic mice in 100 ml of PBS, as described previously. On the day following tumor cell injection, mice were divided into two groups and then treated, again by percutaneous injection into the pleural cavity with either 50 ml of PBS containing 1 Â 10 7 pfu of NV1066 (n ¼ 9) or with 50 ml of PBS alone (n ¼ 5). At 3 weeks after tumor inoculation, animals were killed and the heart, lungs, and mediastinum were harvested en bloc and weighed. Organ weights taken from same-age, non-tumor-bearing animals (n ¼ 4) were also obtained. For both PBS-and NV1066-treated groups of animals, chest wall nodules were counted after removal of organs as a measure of treatment effect on pleural carcinomatosis.
In vivo imaging. 2 Â 10 6 A549 cells were injected into the pleural cavities of mice as described previously. Animals (n ¼ 4) were treated with 1 Â 10 7 pfu of intrapleural NV1066 as above at separate time points. For imaging of metastatic disease, mice were treated day 2 after cell injection. For imaging of gross pleural disease, mice were treated 3 weeks after cell injection. Mice were examined 48 h later in both cases, using a fluorescent thoracoscopic system and by fluorescent stereomicroscopy. The thoracoscopic system was developed in concert with Olympus America, Inc. (Scientific Equipment Division, Melville, NY) to allow for the detection of EGFP as well as routine white light. The light source was an Olympus Visera CLV-U40 model with an adaptable excitation filter set at 470720 nm. The camera processor was an Olympus Visera OTV-S7V with an emission filter set at 510 nm. Imaging was performed in both brightfield and fluorescent modes. With the stereomicroscope (Olympus America Inc., Melville, NY), imaging was also performed in brightfield mode and after placement of both excitation and emission filters to detect EGFP. The excitation filter was a fixed passage of 470740 nm wavelength light as GFP has a minor excitation peak at 475 nm. The emission filter was fixed at 500 nm, to accommodate the emission peak of GFP at 509 nm. The image-capture system consisted of a Retiga EX digital CCD camera (Qimaging, Burnaby, BC). For generation of topography maps, images were presented in Zeiss LSM510 software (v3.2) using the 'pseudo 3D' tool. Individual pixel intensity values of the image are mapped upon a height grid to quantify fluorescent intensity. Pixels of high intensity are represented by the grid peaks, while pixels of low intensity are represented by grid valleys.
Viral specificity for tumor Samples of tissue emitting EGFP under stereomicroscopy were frozen in Tissue-Tek embedding medium (Sakura Finetek, Torrance, CA) and sectioned by cryotome for histological examination. Following paraformaldehyde fixation, slides were first examined under fluorescent microscopy for EGFP expression, then stained with hematoxylin and eosin (H&E) to determine whether EGFP expression localized to the foci of cancer. To confirm that EGFP expression was localizing virus, serial sections that expressed EGFP were stained with rabbit polyclonal HSV-1 antibody using a Histomouse-SP Bulk Staining Kit (Zymed laboratories Inc., San Francisco, CA) and compared for EGFP expression and viral antibody binding. An institutional animal pathologist confirmed all results.
Results
Cytotoxicity assay and viral tittering NV1066 progressively killed A549 cells in vitro at both MOIs ( Figure 1a ). Although cell kill was initially more pronounced at the higher MOI of 1.0, an MOI of 0.1 also demonstrated significant cytotoxic effects over time. By day 9, in vitro cell kills at MOIs of 0.1 and 1.0 were 8372.4 and 9670.4% respectively (Po0.01, t-test). Significant in vitro viral replication occurred in A549 cells following infection at MOIs of 0.1 and 1.0 (Figure 1b) . Viral titers increase steadily following infection, then subsequently decline as fewer live cells remain to support further replication. Treatment of the cells with the lower MOI led to higher peak viral titers as determined by viral plaque assay, 5.3 Â 10 6 versus 2.6 Â 10 6 pfu/ml (Po0.001, t-test). This phenomenon often occurs following in vitro treatment with oncolytic HSV-1 mutants, as early cytotoxic death in cell populations treated with the higher MOI limits the cell number and time for productive cellular replication of virus. Peak viral titers at the lower MOI represent an approximately 5300-fold increase over the initial dose of virus.
Flow cytometry for EGFP
The EGFP transgene carried by NV1066 was used as a marker of viral infection in A549 cells. This technique has been used previously to assess the transduction efficiency of HSV-1-based amplicon vectors. 20 EGFP expression was determined by FACS analysis. Control populations of cells did not express EGFP (Figure 2a ). In contrast, over 60% of cells infected with NV1066 at an MOI of 1.0 expressed EGFP after 48 h (Figure 2b ). EGFP expression in A549 cell populations was initially dose-dependent after treatment at MOIs of 0.1 and 1.0 (Figure 2c) . Following viral replication, EGFP expression in live cells increased over time to nearly 100% at both MOIs (Po0.001 versus untreated control cells, t-test).
Fluorimetry for EGFP
In order to establish the cell number needed to differentiate infected from uninfected cells by standard fluorescence detection, fluorimetry was performed on populations of cells. Significant differences in fluorescent intensity were found with as few as 1000 cells (Po0.005, t-test). The fluorescent signal from NV1066-infected cells Time course of in vivo EGFP expression A previous study from our laboratory has demonstrated the ability of NV1066 to replicate in vivo in murine flank tumors. 9 Viral titers increase over time as measured by real-time PCR for viral genomic DNA, with a large replication burst evident between 24-48 h. In the present study, we assessed virus-induced EGFP expression over time, as measured by fluorimetry of protein extracts from tumors. At 24 h following infection, EGFP expression (RFU/mg tissue) in NV1066-infected tumors was higher than in control tumors, although the difference was not statistically significant (Figure 3b 
5 RFU/mg, a 3.6-fold increase in fluorescent intensity (P ¼ 0.04, t-test). Fluorescence increased to 7.1 Â 10 5 RFU/mg by 96 h following infection, a 5.9-fold increase over control (P ¼ 0.02, t-test). We therefore decided to use time points of 48 h or later to assess for EGFP expression in the pleural tumor model, as these time points were more likely to allow for virus detection.
Treatment of in vivo tumors
Direct injection of NV1066 significantly suppressed growth of pleural A549 tumors. Organ and tumor weights of PBS-treated, NV1066-treated, and matched control animals were 536 (770) mg, 351 (738) mg, and 373 (724) mg, respectively. There was no statistically significant difference between NV1066-treated and matched control animal organ weights, while the PBS-treated animals had significantly higher organ weights, reflecting increased tumor burden (Po0.01 versus NV1066-treated animals, t-test). Similarly, PBS-treated animals had an average of 7177 chest wall nodules compared to only 7.777.5 nodules in the NV1066-treated group (Figure 4a ). Seven out of nine animals in the NV1066-treated group had no evidence of macroscopic chest wall nodules or other tumor burden, compared to zero of five mice in the PBS group. Representative photographs of the chest wall of a control mouse (Figure 4b ) and of a mouse treated with NV1066 (Figure 4c ) are shown.
In vivo imaging
Following administration of NV1066 in vivo, EGFP expression was easily visualized by fluorescent microscopy in the pleural tumor model. EGFP expression was visualized in all NV1066-treated animals and localized to tumor deposits, sparing normal tissues. Green fluorescence could be used to identify tumor deposits, localizing even microscopic collections of tumor cells not apparent under brightfield microscopy. Similarly, using the fluorescent thoracoscopic system, EGFP expression also localized tumor foci. The pleural cavity was examined in both white light and GFP modes. The thoracoscopic device can be easily changed between the two modes without pausing the procedure. images obtained using the thoracoscopic system. Nontumor-bearing thoracic organs did not fluoresce strongly in vivo when examined through the EGFP filter, and were easily distinguished from infected tumor deposits. Of note, microscopic tumor deposits not identified on brightfield microscopy or thoracoscopy could be identified in the fluorescent modes of each. Expression of EGFP on the lung or chest wall (Figure 6a and b) identified tumor deposits that would otherwise have been missed with standard imaging. Presence of tumor cells was confirmed by histology. Using computer software, topography maps of EGFP expression could be generated from the digital images obtained with the fluorescent microscopic or thoracoscopic systems (Figure 6c) . The xand y-axis represent a biplanar digital image of the chest wall. The z-axis represents the fluorescent intensity detected. This technology enables quantification of in vivo fluorescent intensity.
Viral specificity for tumor
Following pleural administration of NV1066, strong EGFP expression was noted in tumor nodules when examining serial pathological sections. Some autofluorescence was apparent in the bronchial system, but this was easily distinguished from virus-induced EGFP expression. All sections that expressed EGFP were found to have tumor cell infiltrates corresponding to areas of expression. Representative sections of a nodule expressing EGFP taken from the surface of the pleura are shown in Figure  7a -c. H&E staining confirmed that EGFP expression localized to the foci of cancer (Figure 7b ). Staining for polyclonal HSV-1 antibody corresponded to areas of EGFP expression by histology (Figure 7c) . No viral staining was evident in tissues that did not express EGFP in all samples sectioned.
Discussion
Viruses are being tested as oncolytic agents that selectively undergo lytic replication in tumor cells. DNA viruses are obligate intracellular parasites whose lytic cycle is totally dependent on their ability to commandeer the replicative machinery of their host. Thus, like tumor cells, DNA tumor viruses evolved mechanisms that uncouple cellular replication from the many intracellular and extracellular factors that normally control it so tightly. A profound functional overlap exists between DNA viruses and tumor cells with respect to the cellular checkpoints they must perturb to ensure their replication. This common ground forms the basis for several oncolytic viral therapies. 21 Oncolytic HSV-1 mutants are replication-competent viruses that selectively infect and lyse tumor cells, while sparing normal tissues. HSV-1 mutants have been demonstrated to be effective against a number of malignancies in experimental models. 7, 9, 18, [22] [23] [24] [25] Three such viruses are currently in clinical trials for recurrent malignant gliomas and for unresectable colorectal metastases to the liver. 5, 8, 26 We have previously demonstrated the efficacy of a herpes viral mutant, NV1020, in the treatment of pleural tumors in animal models. 24 In this study, we used NV1066, another multi-mutated, replication-competent oncolytic HSV-1 virus, which carries a transgene for the marker protein, EGFP. Cells were demonstrated to support viral replication, with up to 5300-fold increases in viral titers in vitro. Viral titers peaked from day 4 to 6, because of low plating confluence at the beginning of the experiment. Over the period of time, virus was able to replicate, propagate, infect, and lyse most of the cells by day 7, representing in vivo spread. In vitro, initial doses of NV1066 as low as one viral pfu per 10 tumor cells killed over 80% of A549 cell Figure 4 Antitumor effect of NV1066 in vivo. In a metastatic tumor model, intrapleural injection of NV1066 decreased the formation of chest wall tumor nodules, compared to treatment with PBS alone (a, Po0.001) at 3 weeks. Representative photographs of the chest wall of a control mouse (b) and an NV1066-treated mouse (c) are shown (chest wall nodules shown with an arrow).
populations after 1 week in culture. The efficacy of NV1066 was also apparent in vivo in mouse xenograft models, in the treatment of metastatic pleural disease. NV1066 decreased progression of tumor burden in the pleural cavity. A single dose of virus led to an 89% reduction in chest wall nodule development. Seven of nine animals in the NV1066-treated groups were free of macroscopic disease at the time of killing, compared to none in the PBS group.
Spread of malignancies to the pleural cavity, resulting in malignant pleural effusions and pleural metastatic disease, are associated with a dismal prognosis, with most patients surviving only a few months after the diagnosis is made. [12] [13] [14] [15] [16] [27] [28] [29] While NSCLC is the most common cause of malignant disease of the pleura, the pleural model used in this study is also relevant to other cancer types, including mesothelioma, breast, ovarian, and lymphoid cancers. [30] [31] [32] Pleural spread of NSCLC is thought to result from either exfoliation and/or lymphatic spread. Such spread, diagnosed by conventional imaging studies, videoassisted thoracic surgery (VATS), or pleural lavage cytology (PLC) is associated with an increased rate of tumor recurrence and with the development of carcinomatous pleuritis (malignant pleural effusion, disseminated pleural tumors, or both). A prospective trial of intraoperative, intrapleural chemotherapy reduced postoperative carcinomatous pleuritis in patients with metastatic pleural disease. 33 Intrapleural therapy with NV1066 could have a similar treatment effect as demonstrated in this study, potentially improving survival in this subgroup of patients.
When administering HSV-1 mutants and other oncolytic viruses or viral vectors clinically, assessing viral infection and spread in vivo may be somewhat cumbersome. Current trials rely on tissue biopsies followed by immunocytochemistry or PCR-based techniques, requiring samples of normal tissues as well as of the targeted tumors. Attempts have been made to follow viral therapy by noninvasive methods in several preclinical studies. The activity of in vivo reporter genes can be assessed radiographically using radiolabeled ligands, antigens, or substrates. [34] [35] [36] [37] More recently, positron emission tomography (PET) reporter transgenes have been developed. 34, 37, 38 Such imaging strategies have limitations similar to conventional radiological techniques and may only detect areas with large amounts of viral uptake. As attractive method for following in vivo viral distribution, as their sensitivity and specificity are likely higher than currently available noninvasive techniques. 39 Importantly, minimally invasive techniques also allow for the possibility of tissue sampling should the need arise, whereas noninvasive imaging procedures do not. With an appropriate marker gene and detection system, a wide variety of minimally invasive endoscopic procedures could be utilized to assess viral distribution in numerous body cavities, including laryngoscopy, bronchoscopy, mediastinoscopy, upper and lower gastrointestinal endoscopy, thoracoscopy, laparoscopy, cystoscopy, and arthroscopy.
Genetically engineered herpes viruses may be useful in the treatment of cancer based upon their oncolytic properties alone, or as vectors to carry therapeutic or immunomodulatory transgenes to targeted tumors. NV1066 carries such a marker gene, a constitutively expressed transgene for EGFP, the protein product of which is identifiable 4-6 h following viral entry into cells. While green fluorescent protein and its derivative proteins have been used extensively as reporters and/or markers in numerous biologic studies, [40] [41] [42] [43] [44] [45] their use in determining infection and spread of replication-competent viral vectors in vivo is an emerging technology. Previous studies have demonstrated that the fluorescent signal from cells constitutively expressing GFP correlates strongly with cell number in vitro. 46 In this study, using a combination of flow cytometry and fluorimetry on populations of cells infected with NV1066, we demonstrate that the fluorescent signal correlates with the number of cells infected with our virus in vitro. This principle was extended to in vivo studies. In a murine flank tumor model, fluorescence increased over time with viral replication, so that infected tumors were clearly distinguishable from noninfected tumors by 48 h after infection. Furthermore, following intrapleural administration of NV1066, in situ metastatic tumor deposits could be distinguished by green fluorescence using fluorescent stereomicroscopy or a thoracoscopic system with appropriate fluorescent filters. Samples of tissue expressing EGFP were harvested, sectioned serially, and examined for the presence of virus. All tissue that expressed EGFP was noted to stain positively for HSV-1 polyclonal antibody, while no viral staining was evident in tissues not expressing EGFP. This suggests that fluorescent protein expression can be used as a surrogate to identify viral distribution in vivo without the need for extensive tissue sampling.
Fluorescent endoscopic, laparoscopic, and thoracoscopic techniques have previously been reported to enhance tumor visualization. Using the exogenously administered photosensitizer, 5-aminolevulinic acid (ALA), laparoscopic visualization of peritoneal tumor deposits in an animal model was improved by 17-35%, and that of pleural nodules by 30% 47 compared to conventional white-light laparoscopy alone. [48] [49] [50] ALA requires endogenous metabolism before it can fluoresce. Although it specifically accumulates in tumor cells, its use is limited by a narrow time window for visualization and by the possibility of skin phototoxicity. Tumor-specific expression of EGFP produced by viral infection has a similar potential to improve detection of thoracic tumor deposits using fluorescent thoracoscopy, bronchoscopy, and mediastinoscopy in addition to being therapeutic without added toxicity.
Previous studies have found GFP expression in transfected tumor cells to allow for detection of metastases down to the single-cell level in exposed or fresh isolated organs or tissues. 51 In subsequent studies, fluorescent localization was found to be more rapid and sensitive than histopathology or immunohistochemistry for identifying tumor deposits. [52] [53] [54] Furthermore, fluorescent intensity of GFP-expressing tumors has been suggested to be a more accurate measure of biomass than tumor volume measurements. 55 While those studies relied upon stably transfected GFP-expressing cells, we report here a method for identifying tumor cells in vivo with a therapeutic viral vector, a model that may be more readily applied clinically. Current imaging techniques including computed tomography, magnetic resonance imaging, and PET generally cannot detect tumor foci whose diameter is smaller than 3-5 mm, or about 10 7 -10 8 cells. 56, 57 In our current study, using a minimally invasive thoracoscopic procedure, green fluorescence could be used to detect even small metastatic tumor deposits invisible to the naked eye. Clinically, the fluorescence ratio between tumor and surrounding normal tissue determines the ability to distinguish the two by optical contrast. Previous studies using fluorescent diagnosis techniques have indicated that fluorescent intensity ratios of three or greater are sufficient to distinguish between induced fluorescence in tumors and autofluorescence in normal tissues. 49 Our in vitro studies suggest that such ratios may be achieved with as few as 1 Â 10 4 tumor cells infected with NV1066, a 3-4 log improvement over the lower limits of radiological detection. Earlier detection and treatment of pleural spread of NSCLC may potentially improve disease-free and overall survival in this group of patients. In addition to pleural tumor model, which resembles superficial cancer, NV1066-induced EGFP expression was also found to be useful in detecting metastasis even when embedded inside the solid organs in mouse (data not shown). EGFP expression in a particular cell or cancer tissue is dependent upon the cellular proliferation, that is, aggressiveness of the cancer. EGFP expression was noted with NV1066 doses as low as 2 Â 10 4 pfu in identifying intracavitary tumors.
In conclusion, NV1066 has significant oncolytic activity against a human NSCLC cell line and is effective in limiting the progression of metastatic disease in an in vivo orthotopic model. Expression of EGFP in infected cells can be used to localize the virus and helps to localize even small metastatic tumor deposits in vivo by minimally invasive means. By capturing and reconstructing digital images, EGFP expression in vivo can be detected in a semi-quantitative manner. We hope to incorporate this technology into our next generation of thoracoscopes, laparoscopes, and other endoscopes to allow for real-time spectral analysis of fluorescent intensities and to correlate this with viral and tumor load. Potential analytical applications include monitoring dissemination of and treatment response to viral therapy, aid in diagnosis and staging of malignancies, and aid in determining the appropriateness of surgery and/or neoadjuvant or adjuvant therapy. The technique reported here can be applied clinically in any oncolytic viral or viral-based gene therapy trials to monitor viral distribution and activity in vivo by minimally invasive means.
Abbreviations
CMV, cytomegalovirus; EGFP, enhanced green fluorescent protein; HSV-1, herpes simplex virus-1; LDH, lactate dehydrogenase; MIS, minimally invasive surgical.
